Phenomenological analysis of radio evolution of pulsars is made. Under an assumption that the period of most of pulsars have a similar time dependence, the age t of pulsars is determined statistically from the observed spindown time t 1 : t=0.30t 1 • Period P, radio luminosity during the pulse L, called simply the luminosity, and size of the radio-emitting region a, estimated as the pulse width times the light velocity, are shown to have time dependences of PoctO.SO±o.os, Loct0.70±0,t2 and aoct0.23±0.o& respectively. This radio evolution is compared with that of supernova remnants, quasi-stellar objects and radio galaxies directly or by means of the luminosity versus volume emissivity diagram. The evolutionary tracks are similar to each other in spite of different mechanisms involved. Finally the observed luminosity function N(L) ocL-t.50±0.os is compared with that calculated from the time dependence of the luminosity and it is shown that the slopes of the both functions are consistent with each other if the selection effect in the present sample of pulsars is taken into account. Similarly the birth rate of pulsars in the Galaxy is shown to be nearly equal to the explosion rate of type II supernovae after the selection effect is taken into account. § 1. Introduction Recent studies on pulsars show that the pulsar is most probably a magnetic rotating neutron star and its radio radiation is emitted from a certain region in the magnetosphere of the star.
Recent studies on pulsars show that the pulsar is most probably a magnetic rotating neutron star and its radio radiation is emitted from a certain region in the magnetosphere of the star.
>
Discovered pulsars now amounts to forty-four and are found to be of various ages. Before taking up detailed study of pulsar mechanism it is necessary to make a phenomenological analysis of the evolution, to which this paper is devoted.
First we shall show that the age t of each pulsar can be estimated statistically from the observed period P and its time derivative P, if the period of pulsars have a similar time dependence, P(t). With an empirical formula for P(t), we can estimate the age t from only the period P. Second, based on the age thus determined, we shall study the time dependence of the radio luminosity and of the size of the radio-emitting region. Third, the radio evolution of pulsars thus found is compared with that of other radio objects such as supernovae, quasistellar radio objects (QSO) and radio galaxies. In a study of these objects Fujimoto, Hasegawa, Kawabata and the authors 2 > proposed a diagram which relates the radio luminosity with the volume emissivity as a diagram corresponding to the Hertzsprung-Russell diagram in the study of stellar evolution. In the case of pulsars we shall make a diagram relating the radio energy with the surface emissivity. Finally, we shall compare the observed luminosity function with that calculated from the time dependence of the luminosity and discuss the birth rate of pulsars in the Galaxy. § 2. Age and spindown time
As stated above we shall assume that the periods of pulsars have a similar time dependence, P(t), and define the spindown time t 1 of a pulsar as
If we can obtain a relation between P and t 1 from observations, (2) then we have (3) which allow us to compute the age t from t 1 • At present there are fifteen pulsars the spindown time of which is available from observations. 3 ) In Fig. 1 logP is plotted against logt 1 for these fifteen pulsars. The figure shows that the period P increases as the time t 1 increases. 
where t is in years. The integration constant t 0 will be determined by comparison of the computed value of mt 1 for the pulsar NP 0532 with the age tneb determined optically for the Crab Nebula. Numerical values are given in Table I , from which we find t 0 = 160 y. Since our empirical formula ( 4) should be used only in a limited range 3 X 10 3 <t 1 <10 8 y we can neglect t 0 in the above formula. 
The computed value of mt1 for the pulsar PSR 0833 and the age of the Vela X are also given in Table I . The latter age is obtained from the radio size of the nebula 4 > by means of a relation between the size and the age given by Tabara and one of the present authors (K.A.y>> (their Eq. (5)). One possible explanation for the difference between t 1 and tneb of PSR 0833 is given by Shklovsky. 
As mentioned above this empirical formula will be valid only in the range 10 3 <t<3 X 10 7 y. In the following sections this formula will be used to compute the age t for pulsars for which only the measurement of the period is available. Now Eq. (6) has interesting implications to the mechanism of the spindown of the pulsar.
For the angular frequency {))=2n/P one obtains from Eq. (6)
From this alone it is difficult to conclude that the spindown mechanism is the magnetic dipole radiation (n = 3), the gravitational radiation (n = 5) or other more complicated processes. At present whether there is a unique relation between the period and the age cannot be decided by the statistical argument based on the number distribution of the period, because the present sample of pulsars is not homogeneous.
If each pulsar has a different P-t relation and the difference Is not large, the above analysis still holds as an average. § 3. Time dependence of radio luminosity and of size of radio-emitting region
Using the age estimated by the method in the preceding section we shall study the time dependence of radio properties of pulsars.
In the case of pulsars there are some ambiguities in the definition of the radio luminosity. The first ambiguity is concerned with the polar diagram of radio emission from a rotating neutron star. There are at least two possibilities; the lighthouse type 9 ) and the knife-edge type.
)
At present it is not clear which type is the correct one. For definiteness we shall adopt here the first one. The second one is which of the following definitions is to be used: the luminosity averaged over the whole time, or the luminosity averaged over only the duration of one pulse, or the energy emitted during one pulse. As we adopt the lighthouse model, the second definition is appropriate here. Also as the energy L we use the mean value measured or estimated at 408 MHz, because the spectrum of pulsars is not yet well known. In the estimation we assume the spectrum is proportional to v- 
The luminosity L is plotted against the age t on the logarithmic scale. Crosses denote pulsars whose spindown rate is measured and dots denote other pulsars. The straight line is a least square fit to the crosses and is given by Eq. (7).
thirty-seven pulsars whose relevant data are available at present. Crosses denote pulsars whose spindown time is measured and dots denote other putsars. The luminosity L decreases generally as we go from young pulsars such as NP 0532 and PSR 0833 to old ones such as CP 1919. Whether or not every pulsar follows the same evolutionary track is not clear, but, if this is approximated by a straight line, we find L= 7.8 X 10
22 t-.e erg/sec Hz, · for fifteen pulsars marked by crosses in the figure. As is seen from the figure the general trend will not change if . pulsars marked by dots are added ..
Next we shall examine the time dependence of the size a of the radio-emitting region. Since there is no direct measurement of the size, we take as the size a the pulse duration w times the light velocity c. This size corresponds, in the lighthouse model, to that of magnetosphere corotating with the neutron star.
There is an objection to put arvcw for an optically thick object such as the pulsar/ 2 ) but we do not enter this problem here. In Fig. 3 we plot log a against log t for forty-three pulsars the relevant data. of which are available at present. The meaning of crosses and dots is the same as in Fig. 2 . The size a increases slowly as we go from young pulsars to old ones. If this relation is approximated by a straight line, we find p=0.23±0.06.
The results similar to Eqs. (7) and (8) were obtained for the radio emission from supernova remnants. Tabara and one of the authors (K.A.) 6 :give f3 = 1.2 and p = 0.39, and Milne 13 ) gives p = 0.40. In the case of supernovae the radio emission is due to the synchrotron emission from relativistic electrons in magnetic plasmas and its time variation is explained as due to the decrease of electron energy and of magnetic field strength, both caused by the expansion of the plasma. 14 > As the radio emission from pulsars is not due to the simple synchrotron mechanism, their L-t relation must be explained differently from that of supernovae.
The increase of the size of the radio-emitting region in the supernova is usually explained as due to the explosion of the central star followed by the expansion of outer shells interacting with the surrounding medium. In the case of pulsars the increase of the size of the radio-emitting region will be correlated with the expansion of the magnet0sphere due to the spindown of the central star. If the representative size r of the magnetosphere is given by Pc/2n, the time dependence of r is the same as P, which is given by Eq. (6) . Thus the ratio ajrocw / Pocto.o7±o.os and is almost constant in time. The correlation of w with P was pointed out by Mills 17 > and was interpreted by Gold 18 > to mean that the aspect angle of the beam is constant in the lighthouse model.
A difference between the energetics in pulsars and that in supernova remnants should also be noted. In the case of supernovae the efficiency of producing relativistic electrons responsible for electromagnetic radiation is very high. 15 
>'
16 >
In the case of pulsars the energy loss due to the spindown is much larger than that due to the emission of radiation. 18 > Thus, for example, the ratio of the latter to the former is /"' ../ 10-6 for NP 0532 and /"' ../ 10-
We shall compare the radio evolution of pulsars with that of other objects such as QSO and radio galaxies. For the latter objects it is almost impossible to deduce the age directly from observations. As a physical parameter which, instead of the age, represents the' activity of a radio-emitting region, Fujimoto, Hasegawa, Kawabata and the authors 2 > proposed to use the volume emissivity of radio radiations, considering that these sources are optically thin, and made the radio luminosity versus volume emissivity diagram. This method has been found very useful in detailed study of various objects. In the case of pulsars the radio-emitting region is probably optically thick, and so the surface emissivity L/S must be used instead of the volume emissivity.
As the luminosity we use L defined in the previous section. From Eqs. (7) and (8) 
This result is obtained for fifteen pulsars whose spindown rates are known. For other pulsars for which the observed value of L/S is available Eq. (9) gives us a mean to find the age. In Fig. 4 • X PSR 0833. 
If we eliminate the age t from Eqs. (5) and (6), we find the same form as Eq. (10) X (a/2Y is the volume of the radio-emitting region. Then we find ). = 0.49 ± 0.05.
In the case of QSO and radio galaxies 2 )' 20 ) the value of ). increa~es from ""'0 for young objects to "-'0.5 for old objects. Thus the general trend of radio evolution of pulsars is very similar to that of QSO and radio galaxies and also to that of supernovae, although the emission mechanism of radio waves, the dynamics of expansion of radio-emitting regions, and the scale of the phenomena are quite different.
) § 5. Luminosity function and birth rate
If one knows the time dependence of a physical parameter of pulsars, one can obtain a relation between the birth rate and the number of pulsars existing at present. In particular, if one assumes that newly born pulsars have similar luminosity, period, or surface emissivity, one can calculate the distribution of these parameters among pulsars and compare them with observed distributions. Here we shall discuss the distribution of the radio luminosity, namely, the luminosity function, because the distributions of other parameters can be treated similarly and give similar conclusions. A preliminary discussion in this direction by means of the period was given by Large et al. 22 
>
As the luminosity we use the definition given in § 3, that is, the energy emitted per second during the pulse at a frequency 408 MHz.
We assume pulsars are created at a constant rate. Let N(L)dL be the number of pulsars in the luminosity range (L, L + dL) and in the region D ir{ the Galactic disk within 3.0 kpc from us, and Q (L) dL the birth rate of pulsars in the same luminosity range and in the same region D. The value of 3.0 kpc is the distance to the most distant pulsar studied in this paper. In general, the luminosity function is determined by the following equation:
where dL/ dt is the rate of the luminosity increase. We assume the initial luminosity L 0 is the same for all pulsars: From these the luminosity function is calculated as
with the parameters given by Eq. (12) . The values of L1 and t2 will be determined later. In order to derive the luminosity function from observations, it is necessary to have a homogeneous sample of pulsars, or at least a sample with known inhomogeneity. With the aim of examining the homogeneity of pulsars so far discovered, we make a histogram showing the distribution of pulsars in the Galactic disk. In Fig. 6, N under the assumption that pulsars belong to the disk population and their distribution in the direction perpendicular to the Galactic plane can be neglected :
23 > ( i ) Pulsars are uniformly distributed in the disk, but there is a selection effect due to the finite sensitivity of radio telescopes.
( ii) Pulsars are mainly distributed in the arm. 24 > After the selection effect is cor~ rected, the distribution in Fig. 6 is a interarm region.
The similar situation exists in the number N versus flux S relation. The mean slope of the log N~log S diagram for twenty-seven pulsars is ,...._,0.69 ± 0.09, the slope becoming flatter for weaker sources. Theoretically the slope for sources uniformly distributed in the plane, is -1 and that in the line is -0.5. The detection bias makes the slope flatter. Thus the observed slope will be due to either one of the two cases or a mixture of them.
Thus neither the histogram in Fig. 6 nor the N-S relation gives de~ finite information about the region in which the sample of pulsars is complete. However, the comparison of the calculated luminosity function, Eq. (13), with the observed one gives us a clue to this problem. Also this comparison gives us the birth rate of pulsars. Figure 7 shows a relation between log N(>L) and log L. We approximate this relation with a straight line, excluding weak pulsars with £<10 17 " 5 erg/sec Hz, because many pulsars fainter than this limit remain definitely undetected. In this way we find (13) becomes much flatter. Since this new assumption needs revision of analysis in the previous sections, we shall not discuss this possibility in this paper. B. There is a selection effect and weak pulsars remain undetected. One evidence for this is that the lower limit L 2 of the luminosity of a pulsar which lies within R 1 = 3 kpc and suffers the selection effect for the detection limit of energy flux per pulse s l = 0.05 X 10-26 J/Hz m 2 with the pulse width W~"'-~20 ms, namely, L2 = SJS 1 R1 2 /W= 1.7 X 10 20 erg/sec Hz, is larger than the observed values of L for most of pulsars. Here we take the solid angle of the beam as t2 = 0.08, which is a mean value of t2 for the nearest seventeen pulsars. If the observed luminosity function Nobs(L) is corrected for the selection effect, we find
where (17) is the number of pulsars within R<3 kpc after the selection effect is corrected.
This result is to be compared with N(L) given by Eq. 
"
Using the values of N 0 ' \and t 2 given by Eqs. (17) and (15) respectively, we find the birth rate of pulsars in our Galaxy Q 0 (G) Q 0 (G) ~"'-~25Q 0~" '-~1/280 y-I, where we assume the radius of the Galactic disk is 15 kpc. This value Is to be compared with the frequency of the supernova explosions in the Galaxy. The explosion frequency of the type II supernovae 5 > is Qsn""1/40 y- 1 and that of the type I is much smaller. Taking into account that the radio emission pattern of the pulsars is highly anisotropic (in the lighthouse model the factor ""10), we may conclude that most of the supernova explosions g1ve rise to new pulsars. § 6. Concluding remarks
In conclusion several remarks are made.
(1) In this paper we attempted to make phenomenological analysis independently of special models as possible. The results on the time dependence of the period and the size are model independent, but those of luminosity are model dependent. We adopt the lighthouse model only for definiteness. The knife-edge model will g1ve similar results. (2) Our empirical formula for the time dependence of various physical parameters, although very crude, will be very useful in finding the correct mechanism for radio radiation among various possibilities. (3) Our phenomenological analysis is based on the assumption that pulsars are born alike and evolve more or less in a similar way. It is possible that the initial states show wide distributions. This case requires another analysis similar to ours. Also there may be several types of the evolutionary path. However, it will be difficult at present to find out these types by observations. (4) In this paper we are concerned mainly with average properties of pulsars, neglecting features characteristic to individual pulsars. Our analysis should be regarded to the first approximation to more refined theories.
(5) Our results depend strongly on the existence of two young pulsars : NP 0532 and PSR 0833. It is very desirable to discover similar young pulsars and also to study in detail pulsars of middle ages such as MP 1449 (P= 0.180 sec).
In this respect CP 0950 (P= 0.250 sec) may be an exceptional case and deserve special study.
1
> Also we should mention NP 0527. It has the longest period and its radio power is comparable to that of NP 0532. We consider it as an exceptional case and exclude it from our analysis.
(6) Our analysis shows that in the Galactic disk within 3.0 kpc from us one hundredth of pulsars (L>5 X 10 17 erg/sec Hz) are so far discovered. very desirable to check this with a homogeneous sample.
